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PhycoerythrobilinPhycobilisomes, the light-harvesting antennas in cyanobacteria and red algae, consist of an allophycocyanin
core that is attached to the membrane via a core-membrane linker, and rods comprised of phycocyanin and
often also phycoerythrin or phycoerythrocyanin. Phycobiliproteins show excellent energy transfer among the
chromophores that renders them biomarkers with large Stokes-shifts absorbing over most of the visible spec-
trum and into the near infrared. Their application is limited, however, due to covalent binding of the chromo-
phores and by solubility problems. We report construction of a water-soluble minimal chromophore-binding
unit of the red-absorbing and ﬂuorescing core-membrane linker. This was fused to minimal chromophore-
binding units of phycocyanin. After double chromophorylation with phycocyanobilin, in E. coli, the fused phy-
cobiliproteins absorbed light in the range of 610–660 nm, and ﬂuoresced at ~670 nm, similar to phycobili-
somes devoid of phycoerythr(ocyan)in. The fused phycobiliprotein could also be doubly chromophorylated
with phycoerythrobilin, resulting in a chromoprotein absorbing around 540–575 nm, and ﬂuorescing at
~585 nm. The broad absorptions and the large Stokes shifts render these chromoproteins candidates for im-
aging; they may also be helpful in studying phycobilisome assembly.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Cyanobacteria and red algae possess phycobilisomes (PBSs) as
photosynthetic light-harvesting complexes [1]. PBSs consist of several
biliproteins that participate in a highly efﬁcient cascade of energy
transfers from phycoerythrin (PE) or phycoerythrocyanin (PEC) (if
present) to phycocyanin (PC), allophycocyanin (APC) and eventually
via the core-membrane linker (LCM) to the reaction centers in the
photosynthetic membrane [1–4]. PBS assembly is only incompletely
understood despite some early success in reconstituting sub-
complexes of the PBSs, or in re-assembling partly dissociated PBS
[5,6]. Understanding biliprotein assembly on the molecular level is:α-CPC lyase; HO1, heme oxy-
embrane linker; Nostoc, Ana-
hycocyanin (preﬁxes stand for
; PcyA, PCB: ferredoxin oxido-
PUB, phycourobilin; PVB, phy-
us; RpcG, phycourobilin: α-R-
nechococcus sp. WH8102
l rights reserved.not only helpful in designing artiﬁcial photosynthetic systems, they
are also for their use as ﬂuorescent biomarkers, both singly and in
combinations allowing for energy transfer [7–9].
LCM, encoded by the apcE gene, is a large, multi-domain protein (75–
125 kDa). AnN-terminal chromophore domain (ApcE(1–240)) contain-
ing a covalently bound phycocyanobilin (PCB), is followed by 2–4 linker
repeats that organize the allophycocyanin rods within the PBS core
[10–12]. PCB is covalently attached at the conservative Cys-195. In
situ, it absorbs at ~660 nm, ﬂuoresces at ~670 nm, and is one of the
two chromoproteins responsible for funneling the light energy har-
vested by the PBS to reaction centers [13–15]. Within the chromophore
domain, ApcE contains a loopdomain around residues 80–150, thatmay
act in anchoring the PBSs to thylakoid membrane [16,17]. Due to the
presence of both linker domains and this loop domain, isolated LCM is in-
soluble and very difﬁcult to handle. After deletion of the linker domains,
the resulting chromophore binding–loop construct, ApcE(1–240), be-
comes better soluble and attaches PCB covalently in an autocatalytic re-
action. The resulting chromophorylated holo-construct, LCM(1–240):
PCB, has the characteristic absorption (λmax=660 nm) and ﬂuores-
cence (λmax=670 nm) of LCM, but still requires buffers containing 2–
4 M urea for solubilization [9,13].
The apo-protein of the α-subunit of C-PC, CpcA, with a size of
~18 kDa can be chromophorylated with PCB under catalysis of the
PCB:α-CPC lyase (CpcE/F) [18,19]. RpcA, the apo-protein of α-R-PC
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phorylated with four different chromophores: under catalysis of
CpcE/F, phycoerythrobilin (PEB) or PCB were attached to Cys-84.
Using the phycourobilin:α-RPC isomerase-lyase (RpcG) instead of
CpcE/F, covalently bound phycourobilin (PUB) or phycoviolobilin
(PVB), respectively, were obtained [20]. Here, we show that the chro-
mophore domain ApcE(1–240) can be rendered soluble in urea-free
aqueous buffer by removing the loop domain, while still maintaining
the autocatalytic binding activity. This protein construct (ApcE(1–
240/Δ87–130)) can be prepared as fusion protein with RpcA carrying
one chromophore at each domain. The resulting bi-chromophoric
phycobiliproteins can be considered minimal light-harvesting units:
they transfer excitation energy from the short-wavelength absorbing
PCB, PVB, PEB, or PUB at the RpcA domain to the long-wavelength ab-
sorbing PCB at the ApcE domain. They are also candidates for bioima-
ging applications.
2. Materials and methods
2.1. Cloning and expression
All genetic manipulations were carried out according to standard
protocols [21]. The preparation of the following plasmids was
reported before: plasmid pET-apcE(1–240) carrying apcE(1–240) of
Nostoc sp. PCC7120 (Nostoc) that lacks the linker domains [13], plas-
mid pET-rpcA carrying rpcA that encodes the apo-protein of α-R-PC V
of Synechococcus [20], the dual plasmid pACYC-ho1-pcyA carrying ho1
and pcyA that yields PCB in E. coli [22], the dual plasmid pCDF-cpcE-
cpcF carrying cpcE and cpcF that encode the PCB:α-CPC lyase, and
pCDF-rpcG that encodes the isomerizing lyase, RpcG [20]. The dual
plasmid pACYC-ho1-pebS that yields PEB in E. coli was synthesized
by Shanghai Sangon according to the reported sequence of pebS
[23]. apcE(1–240) was PCR ampliﬁed with primers P1 and P2, P3
and P4, P5 and P6 (Table S1), to remove part of loop domain
[16,17], and rpcA was ampliﬁed with primers P7, P8, P9 and P10,
P11 and P12, P13 and P14, P15 and P16 (Table S1), to generate trun-
cated RpcA proteins in which sections of various lengths of N-
terminus were removed while retaining the chromophore-binding
domain [24].
All PCR products were ligated into the cloning vector, pBluescript
(Stratagene). After sequence veriﬁcation, the gene fragments were
subcloned into pET30 (Novagen). For over-expression, these pET30-
derived expression vectors coding for the apo-proteins were trans-
formed into E. coli Tuner™ (DE3) (Novagen) containing a PCB-
generating plasmid (pACYC-ho1-pcyA) or a PEB-generating plasmid
(pACYC-ho1-pebS). If desired, the lyase-generating plasmids (pCDF-
cpcE-cpcF or pCDF-rpcG) were introduced in addition (Table S2).
The multiply transformed cells were cultured at 18 °C in Luria Bertani
(LB) medium supplemented with kanamycin (20 μg/ml), chloromy-
cetin (17 μg/ml) and streptomycin (50 μg/ml). After induction with
isopropyl β-D-thiogalactoside (1 mM) for 16 hours, the cells were
centrifuged at 12,000 ×g for 3 minutes at 4 °C, washed twice with
water and stored at −20 °C until use.
The cell pellets were resuspended in ice-cold potassium phos-
phate buffer (KPB, 20 mM, pH 7.0) containing 0.5 M NaCl, and
disrupted by sonication for 5 min at 200 W (JY92-II, Scientz Bio-
technology, Ningbo, China). The suspension was centrifuged at
12,000 ×g for 15 min at 4 °C, and proteins from the supernatnant
puriﬁed via Ni2+-afﬁnity chromatography on chelating Sepharose
(Amersham Biosciences), developed with KPB containing 0.5 M
NaCl. Bound proteins were eluted with the above saline KPB con-
taining, in addition, imidazole (0.5 M). After collection, the sample
was dialyzed twice against saline KPB. If necessary, the afﬁnity-
enriched proteins were further puriﬁed by FPLC (Amersham Bio-
sciences) with a Superdex 75 column developed with saline KPB
[22].2.2. Chromophorylation in vitro
Under the conditions given above, the RpcA(35–162) domain of
ApcE(1–240/Δ87–130)::RpcA(35–162) was chromophorylated
while, depending on the reductase present, the ApcE domain con-
tained no chromophore or was less chromophorylated. Using PebS
as a reductase that generates PEB, no chromophore was bound,
while partial binding occurred when PcyA was present that gener-
ates PCB. In all cases, we could chromophorylate in vitro the
ApcE(1–240/Δ87–130) domain of the singly chromophorylated fu-
sion protein ApcE(1–240/Δ87–130)::PXB-RpcA(35–162) autocata-
lytically [13]. The fresh solution of PCB or PEB used for this
second chromophorylation was made as follows: pACYC-ho1-pcyA
(for PCB) or pACYC-ho1-pebS (for PEB) was transformed into E.
coli Tuner™ (DE3). After expression for 12 hrs, the cells were har-
vested, washed ﬁrst with distilled water and then with KPB buffer.
The cell suspension was sonicated in 0.2 M KPB containing 0.2 M
NaCl (pH 6.7), and then centrifuged. The supernatant containing
PCB or PEB plus soluble E. coli proteins, was incubated with the sin-
gly chromophorylated construct in 0.2 M KPB buffer containing
0.2 M NaCl (pH 6.7), yielding the doubly chromophorylated fusion
protein of ApcE(1–240/Δ87–130)::RpcA(35–162). In some experi-
ments, the supernatant was heated at 100 °C for 2 min in order to
remove any potential interference from the soluble proteins of the
cells, and centrifuged to remove precipitated proteins, yielding
fresh solution of PCB or PEB.
2.3. Spectral analyses
All chromoproteins were investigated by UV–vis absorption spec-
troscopy (Perkin–Elmer Lambda 25 or Beckman–Coulter DU 800). Co-
valently bound chromophores were quantiﬁed after denaturation with
acidic urea (8 M, pH 1.5) by their absorptions at 662 nm (PCB),
592 nm (PVB), 550 nm (PEB), or 495 nm (PUB) using an extinction co-
efﬁcient of 35,500 M−1 cm−1 (PCB) [25], 38,600 M−1 cm−1 (PVB)
[26], 42,800 M−1 cm−1 (PEB) [27], or 104,000 M−1 cm−1 (PUB) [28].
Fluorescence spectra were recorded at room temperature with a
model LS 55 spectroﬂuorimeter (Perkin–Elmer). Fluorescence quantum
yields,ΦF, were determined in KPB (pH 7.0), using the knownΦF=0.27
of C–PC from Nostoc [29] as standard.
2.4. Oligomerization analysis
To determine the oligomerization state of PCB- or PEB-ApcE(1–
240/Δ87–130), reconstituted in E. coli, it was ﬁrst puriﬁed by Ni2+ af-
ﬁnity chromatography. 0.2 ml of the eluate (0.5 mM) were loaded on
a Superdex 75 preparative grade column (30×1.0 cm) and developed
(0.2 ml/min) with KPB (20 mM, pH 7.0) containing NaCl (0.2 M). The
apparent molecular mass was determined by comparison with a
marker set (12–150 kDa).
3. Results
3.1. Soluble chromoproteins derived from ApcE(1–240)
The chromophore binding cystein-195 of LCM resides within the N-
terminal 240 aminoacids (aa), but LCM(1–240) is only poorly soluble
[13]. This domain also contains a putative loop (aa80-150), which is
thought to act as an anchor for the PBS to the membrane [16,17]. Dele-
tion of this loop is expected to improve the solubility, but it might also
affect the autocatalytic binding or the photophysics of the chromo-
phore. Three variants (Table S1) were, therefore, designed in which
this loop was in part or completely excised. Upon expression in the
presence of the PCB-generating plasmid, all three proved soluble in
urea-free buffer, but only LCM(1–240/Δ87–130) was stably soluble,
while LCM(1–240/Δ88–117) and LCM(1–240/Δ77–153) precipitated
Fig. 1. Absorption (——) and ﬂuorescence (− − −) spectra of PCB-ApcE(1–240/Δ87–130) (A), PEB-ApcE(1–240/Δ87–130) (B), their gel ﬁltration proﬁle in KPB buffer indicating
dimer formation (C), and absorption spectrum of denatured PEB-ApcE(1–240/Δ87–130) (D). Samples were reconstituted in E. coli, puriﬁed by Ni2+ afﬁnity chromatography and
then kept in KPB (20 mM, 0.5 M NaCl, pH 7.0). Emission spectra were obtained by excitation at 600 nm for PCB, and at 540 nm for PEB. The spectrum in panel D was measured
5 min after PEB-ApcE(1–240/Δ87–130) was denatured with 8 M acidic urea (pH 1.5). Absorption and ﬂuorescence of PCB-ApcE(1–240/Δ88–117), and PCB-ApcE(1–240/Δ77–
153) are shown in Fig. S1. The dimers of PCB-ApcE(1–240/Δ87–130) and PEB-ApcE(1–240/Δ87–130), retained at 46.0 min (calc. 71 kD) and 47.4 minutes (calc. 63 kD), respective-
ly, on a Superdex 75 gel ﬁltration column, developed with KPB buffer.
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the chromophore autocatalytically, and retained the characteristic red-
shifted absorption (λmax~660 nm) of LCM. The stably soluble LCM(1–
240/Δ87–130) also retained the ﬂuorescence at λmax≈670 nm (Fig. 1,
S1, Table S3) that is typical of LCM, while the emission maxima of
LCM(1–240/Δ88–117) and LCM(1–240/Δ77–153) were slightly blue
shifted. The minimal domain, of LCM(1–240/Δ87–130) was, therefore,
applied in all subsequent fusion experimentswith theα-subunit of phy-
cocyanin (α-PC).
The three ApcE variants could be also chromophorylated with
PEB (Table S3). In each case, the chromoproteins produced had a
red-shifted absorption maximum (λmax=577 nm, Fig. 1B) com-
pared to PEB-bearing phycobiliproteins like C-phycoerythrin
[1,22,30] and also to PEB-RpcA (Fig. S2C). They also had a pro-
nounced shoulder at 540 nm. These spectral features are not due
to chemical modiﬁcation of PEB, if judged from the absorption
after denaturation in acid-urea (Fig. 1D) [27]. According to gel ﬁl-
tration analysis, PEB-ApcE(1–240/Δ87–130) is largely dimeric in
KPB solution (Fig. 1C). As in PCB-ApcE(1–240) [13], the unusual
spectrum, therefore, seems to result from dimerization; it can be
caused by excitonic splitting or a conformational change. The spec-
trum did not result from deletion of the loop, since PEB-
ApcE(1–240) displayed also the same property (Fig. S2A). Excitonic
splitting is principally possible, because all three constructs wereTable 1
Chromophorylation in E. coli of ApcE(1–240/Δ87–130) (abbreviated as ApcE) fused with full
see Table S3).
Chromophore generated Lyase ApcE::RpcA ApcE:
PCB CpcE/F −−::PCB −−::
PCB RpcG PCB::PVB PCB::P
PEB CpcE/F n.d. n.d.
PEB RpcG n.d. n.d.stable dimers in KPB buffer that did not even dissociate after addi-
tion of 4 M urea (Fig. S3).
3.2. Bichromophoric fusion proteins of ApcE(1–240/Δ87–130) and
α-R-PC V
3.2.1. Construction
The ApcE-derived chromoproteins have an intense red ﬂuores-
cence, but only small Stokes shifts. In order to increase the Stokes
shift, fusion proteins were constructed of ApcE(1–240/Δ87–130) and
RpcA, the α-subunit of RPC to which four different chromophores
can be attached [20]. In order to optimize the distance, and possibly
also the orientation, plasmids were designed that generate four fusion
proteins with RpcA-derived apoproteins inwhich the N-terminal heli-
ces were gradually shortened. The ﬁrst used the full-length gene, rpcA,
that generated ApcE(1–240/Δ87–130)::RpcA. The other three used
truncated genes of rpcA, generating in ApcE(1–240/Δ87–130)::
RpcA(20–162), ApcE(1–240/Δ87–130)::RpcA(35–162) and ApcE(1–
240/Δ87–130)::RpcA(45–162). In a homologous biliprotein subunit, α-
phycoerythrocyanin, the deletion of 19, 34 and 44 amino acids from the
N-terminus, as in RpcA, did not disorder its chromophore domain [24],
andα-subunits of phycobiliproteins have highly conserved tertiary struc-
tures in cyanobacteria [1]. The singly and doubly chromophorylated fu-
sion proteins obtained by this approach are summarized in Table 1.-length and N-terminally truncated RpcA, under catalysis of E/F lyases (for more details,
:RpcA(20–162) ApcE::RpcA(35–162) APCE::RpcA(45–162)
PCB −−::PCB PCB::−−
VB PCB::PVB PCB::−−
−−::PEB n.d.
PEB::PUB n.d.
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The genes cpcE and cpcF coding for the non-isomerizing lyase,
CpcE/F [18,20,31] were co-expressed, in E. coli, with the fusion prod-
uct of ApcE(1–240/Δ87–130) with full-length or three N-terminally
truncated RpcA, in the presence of a PCB generating system. Judged
from the absorption spectra, most of the constructs were only singly
chromophorylated. ApcE(1–240/Δ87–130)::RpcA, ApcE(1–240/Δ87–
130)::RpcA(20–162) and ApcE(1–240/Δ87–130)::RpcA(35–162)
had absorption maxima around 610 nm and only a shoulder around
660 nm, indicating a PCB chromophore at RpcA (Fig. S4A,C).
ApcE(1–240/Δ87–130)::RpcA(45–162) was also only singly chromo-
phorylated, but in this case PCB was attached to the ApcE site, as indi-
cated by its absorption at 660 nm (Fig. S4E,F). Most of these products
were susceptible to precipitation, and only slightly soluble in KPB con-
taining 2–4 M urea (Fig. S4), which inhibited further studies. ApcE(1–
240/Δ87–130)::PCB-RpcA(35–162) was an exception (Fig. 2B), it was
soluble and, moreover, allowed for subsequent chromophorylation in
vitro at the ApcE site. The singly chromophorylated ApcE(1–240/Δ87–
130)::PCB-RpcA(35–162) was puriﬁed by Ni2+ afﬁnity chromatogra-
phy, and then treated with fresh PCB derived from the supernatant of
broken cells of E. coli that produced PCB in the presence of pACYC-
ho1-pcyA [22,32]. The absorption spectrum of the resulting product
had the two bands at 660 and 612 nm expected for the doubly chromo-
phorylated PCB-ApcE(1–240/Δ87–130)::PCB-RpcA(35–162) (Fig. 2C).
These absorption maxima were not signiﬁcantly different from thoseFig. 2. Absorption (——) and ﬂuorescence emission-spectra (− − −) of PCB-ApcE(1–
240/Δ87–130)::PVB-RpcA(35–162) (A), ApcE(1–240/Δ87–130)::PCB-RpcA(35–162)
(B) and PCB-ApcE(1–240/Δ87–130)::PCB-RpcA(35–162) (C). Samples were reconsti-
tuted in E. coli (A,B) and then further in vitro (C) (for details see “Materials and
Methods”), puriﬁed with Ni2+ afﬁnity chromatography and then kept in KPB
(20 mM, 0.5 M NaCl, pH 7.0). Emission spectra were obtained by excitation at
600 nm for PCB (B,C), and at 540 nm for PVB (A). Absorption and ﬂuorescence of
other PCB/PVB-chromophorylated protein variants are shown in Fig. S4.of the individual, singly chromophorylated components (Table S3).
Excitation of this construct into the higher energy PCB on the RpcA-
domain resulted in an emission proﬁle that was almost identical to
that of the low-energy PCB on the ApcE domain, showing that the ener-
gy was transferred effectively between the two domains (Fig. 2C, Table
S3). Due to the band shift between the two chromophores, there is only
very little overlap between the 610 nmexcitation and the 670 nmemis-
sion bands.
3.2.3. Fusion proteins with PVB-RpcA
If the non-isomerizing lyase, CpcE/F, was replaced in the E. coli re-
constitution system with the isomerizing lyase, RpcG, the construct
ApcE(1–240/Δ87–130)::RpcA(45–162) was, again, only singly chro-
mophorylated with PCB mainly at the chromophore domain of ApcE
(Fig. S4E,F). The three other fusion proteins, ApcE(1–240/Δ87–
130)::RpcA, ApcE(1–240/Δ87–130)::RpcA(20–162), and ApcE(1–
240/Δ87–130)::RpcA(35–162) were, by contrast, doubly chromo-
phorylated under otherwise identical conditions: they carried PCB
at the chromophore domain of ApcE, and PVB at the chromophore do-
main of RpcA (Fig. 2A, Fig. S4B,D). In all cases, the 660 nm absorption
placed the PCB chromophore at the ApcE site, and the PVB according-
ly at the RpcA-site. This is consistent with the known attachment of
PVB at RpcA under catalysis of the isomerase-lyase, RpcG [20]. The
smallest doubly- chromophorylated construct, PCB-ApcE(1–240/
Δ87–130)::PVB-RpcA(35–162), was further characterized spectro-
scopically. When the higher energy PVB chromophore was excited,
the emission was mainly from the same chromophore (Fig. 2A). A
shoulder at 670 nm indicated, however, a small amount of energy
transfer to the PCB chromophore on the ApcE fragment. This was ver-
iﬁed by the band at 560 nm in the excitation spectra (Fig. S5). There-
fore, we could clearly see absorption and ﬂuorescence of both PCB
and PVB (Fig. 2A, Table S3). Unless the replacement of PCB by PVB
changes the tertiary structure, the distance between the two chromo-
phores is expected to be similar as in the analogous construct bearing
two PCB chromophores (Fig. 2C, see above). The lower energy trans-
fer yield is then likely due to the larger energy gap between PVB and
PCB (ΔE=2790 cm−1) than between the two PCB chromophores
(ΔE=1200 cm−1). Quantitatively, the overlap integral for Förster
transfer between PCB and PVB is only 42% of that between two
PCBs, which is compatible with the experimental results (Table S3).
3.2.4. Fusion proteins with chromophorylated with PEB-RpcA and
PUB-RpcA
The same experiments were carried out with substituting the PCB
generating system (ho1, pcyA) by the PEB generating system (ho1,
pebS). In this case, only the ApcE(1–240/Δ87–130)::RpcA(35–162)
constructs were tested. When the non-isomerizing lyase, CpcE/F,
was co-generated in E. coli, most of the product was only singly chro-
mophorylated with PEB at the RpcA-fragment (Fig. 3B). A second PEB
chromophore could be attached, however, in vitro. ApcE(1–240/Δ87–
130)::PEB-RpcA(35–162) was puriﬁed by Ni2+ afﬁnity chromatogra-
phy, and then treated with the supernatant of freshly broken E. coli
cells that produced PEB due to transformation with pACYC-ho1-
pebS [22,23] (Fig. 3C). When the isomerizing lyase RpcG was present
in the E. coli system, ApcE(1–240/Δ87–130)::RpcA(35–162) was dou-
bly chromophorylated in one step yielding PEB-ApcE(1–240/Δ87–
130)::PUB-RpcA(35–162) (Fig. 3A).
The two doubly chromophorylated constructs were also investi-
gated spectroscopically. There was efﬁcient energy transfer when
two PEB chromophores were present (Fig. 3C, Table S3). When the
higher energy PEB was excited at 550 nm, there was almost no direct
emission from this chromophore (λmax=568 nm). The emission
peaked, instead, at the position of the PEB chromophore on ApcE
(λmax=587 nm). There is, by contrast, only very little energy transfer
in the hetero-chromophoric system with PUB on the RpcA domain and
PEB on the ApcE domain (Fig. 3A). When PEB-ApcE(1–240/Δ87–130)::
Fig. 3. Absorption (——) and ﬂuorescence emission-spectra (− − −) of PEB-ApcE(1–
240/Δ87–130)::PUB-RpcA(35–162) (A), ApcE(1–240/Δ87–130)::PEB-RpcA(35–162)
(B) and PEB-ApcE(1–240/Δ87–130)::PEB-RpcA(35–162) (C) in KPB (20 mM, 0.5 M
NaCl, pH 7.0), samples prepared as in Fig. 2. Emission spectra were obtained by excita-
tion at 540 nm for PEB (B,C), and at 460 nm for PUB (A).
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sorption of the PUB chromophore, most of the emission was from this
chromophore (λmax=500 nm) (Fig. 3A, Table S3). The minor peak at
490 nm in the excitation spectra (Fig. S5) indicated only a small amount
of energy transfer to the PEB chromophore on theApcE fragment, which
is caused, again, by the increased energy gap. Quantitatively, this is in
agreement with an almost fourfold reduction of the overlap integral
when PEB is replaced by PUB as energy donor (Table S3). This would
be compatible with a situation where the distance and relative orienta-
tions between the energy donor and acceptor are approximately the
same, irrespective of whether the donor is PEB or PUB.
4. Discussion
This work is part of an effort to generate bichromophoric bilipro-
teins in which the absorption and emission bands are well separated
due to energy transfer between a high-energy donor and a low-
energy acceptor chromophore. Such systems occur naturally, and
have been optimized in photosynthetic antenna systems [33]. Oi et
al. [34] have proposed to use cyanobacterial antenna pigments, the
biliproteins, for such labeling because of their water solubility; this
approach has proven useful for external labeling using either natural
bichromophoric systems or non-covalent interactions between two
chromoproteins [7]. In vivo labeling with such proteins is hampered,
however, by the need to generate and attach the chromophores. In
spite of the recent characterization of a number of phycobiliproteins
lyases [35,36], the double chromophorylation of phycobiliproteinshas been addressed only once [37]. For chromophorylation of β-
subunits of C–PC and PEC, the sequence of attachment was critical,
and in the presence of both CpcS and CpcT the chromophorylation
was unsatisfactory. It is unclear how this is controlled in cyanobac-
teria, where both sites are chromophorylated: additional proteins
could be involved, that organize multi-enzyme complexes, or render
the addition reactions reversible until both sites are chromophory-
lated. In this work, we have concentrated on generating fusion pro-
teins in which each fragment bears only a single chromophore.
In order to keep the number of required components low, LCM was
chosen as the acceptor fragment because it attaches the chromophore
autocatalytically [13], and imposes a strong red-shift on its chromo-
phore: both the natural chromophore, PCB, and the non-native PEB
are red-shifted by 20–40 nm compared to their absorptions in C–PC
and C–PE, respectively. The shortcoming of LCM is, however, its poor
solubility. Even the previously characterized chromophore bearing
domain, LCM(1–240), was soluble only in the presence of moderate
amounts (2–4 M) of urea, and also rendered poorly soluble fusion
constructs with biliprotein subunits [9,13]. By deleting (parts of) a
loop motif between residues 80–150, the solubility of ApcE-
fragments could now be improved while retaining the autocatalytic
chromophorylation. Most of the work reported focused on LCM(1–
240/Δ87–130): it is soluble in the absence of urea, still binds the
chromophore autocatalytically, and retains the red-shifted absorption
and ﬂuorescence that are characteristic for full length LCM. Compared
to the latter, the high-energy shoulder at 620 nm is even lower in the
construct.
As in other allophycocyanins, the origin of the red-shift of the PCB
chromophore, compared to C-PC, is unclear. It occurs only in aggre-
gates, but it is unclear at present if it is caused by excitonic coupling
of chromophores, or by changes in the pigment-protein interaction.
In APC heterohexamers, it had been ascribed to excitonic coupling
[38], but this was questioned by ﬂuorescence anisotropy studies
[39]. The ApcE constructs are dimers (Fig. 1C, S3), irrespective of
chromophorylation with PCB or PEB, and even in the presence of
4 M urea. While this could principally allow excitonic coupling, the
purely positive CD spectrum of ApcE [13] argues against this mecha-
nism for the red shift. Interestingly, the red-shift is also retained if
PCB is replaced by PEB. PEB-ApcE(1–240/Δ87–130) has a maximal
absorption at 577 nm, while PEB in C-phycoerythrin absorbs at λ-
max=540–560 nm. The emission maximum of PEB-ApcE(1–240/
Δ87–130) is at 588 nm. In PEB, only the rings A, B and C are conjugat-
ed, The similar red-shift of PCB and PEB when bound to ApcE(1–240/
Δ87–130) must then arise mainly from interactions of rings A, B and/
or C with the protein. Similar shifts are also induced in phytochromes
by the apoproteins. Cph1 bearing a PCB chromophore absorbs at
655 nm [40], Cph1 bearing PEB absorbs at 580 nm and ﬂuoresces at
590 nm [41,42]. A more detailed analysis of the structural basis of
the red-shift has to await higher resolution structural information.
In the PBS, the ApcE chromophore receives its energy from nearby
APC chromophores absorbing around 650 nm: Energy transfer is efﬁ-
cient, but the Stokes shift is very small. The next distant donor in the
PBS is C-PC, whose three chromophores absorb in the 590–620 nm
region and transfer excitation energy within the PBS efﬁciently to
APC by the ﬂuorescence resonance (Förster) mechanism [43,44]. We
used a homologue, RpcA, as the second protein in the fusion construct
because four different chromophores can be attached to it by proper
choice of the added chromophore and the lyase: RpcA can be chromo-
phorylated with PCB or PEB using the non-isomerizing lyases or, al-
ternatively, with PVB or PUB by using the isomerizing α-R-PC lyase,
RpcG [20]. By this means, the energy level of the donor chromophore
on RpcA can be adjusted and, thereby, the energy gap between energy
donor and acceptor (Fig. S2; Table S3). A similarly ﬂexible chromo-
phorylation has been achieved with CpcA from Synechocystis
PCC6803 and Synechococcus PCC7002 by Alvey et al. [45], while we
could attach only PCB or PEB to CpcA from Nostoc PCC7120 under
1035K. Tang et al. / Biochimica et Biophysica Acta 1817 (2012) 1030–1036catalysis of the non-isomerizing α-C–PC lyase, CpcE/F [20]. It is not
clear if this relates to the different origin of the CpcA and/or lyases
used, or details of the E. coli system.
Two problems in such doubly-chromophorylated fusion proteins
are the degree of chromophorylation, and the distance and orienta-
tion of the two chromophores. Phycobiliproteins of cyanobacteria
are 100% chromophorylated, but chromophorylation in vitro or in E.
coli is incomplete, in spite of the successful characterization of lyases.
For labeling, a high degree of chromophorylation is desirable, but
the degree can presently only be assayed after isolation and puriﬁca-
tion, which is not done routinely. In our hands, reconstitutions
amount to 50–80%, with relatively large variations. For physico-
chemical measurements and crystallizations, separation from non-
chromophorylated apoprotein is possible. For labeling, the degree of
chromophorylation determines the sensitivity, but this seems no
problem with the constructs. For doubly chromophorylated proteins,
the situation is more complex. In monomers, incomplete occupancy
of the individual binding sites gives rise to a mixture of four compo-
nents, of which only the doubly chromophorylated one gives rise to
energy transfer. In this case, an analysis shows that the relative
amounts of donor and acceptor ﬂuorescence depend on the degree
of chromophorylation of the acceptor. In the context of the current
work, we have not tried to analyze the system quantitatively, but
taken care to run expressions in parallel under identical conditions
to minimize variations caused by these parameters. The inﬂuence of
the lyase used to chromophorylated the RpcA section, on chromo-
phorylation of the ApcE section, shows, however, that the system
should be treated presently as proof of principle.
Distance and orientations of the two chromophores are additional
factors contributing to the applicability of the system. the two chro-
mophores should not be too close in order to avoid interference
with covalent chromophorylation of the two binding sites (e.g. Fig.
S4E,F), like in the β-subunit of C-PC [37], yet close enough to ensure
efﬁcient energy transfer. In the native biliproteins that have been op-
timized for energy transfer during evolution, the N-terminal bis-
helical extension of the globin core is important in the assembly of
heterodimeric biliproteins [46–49]. This extension also seems to as-
sist energy transfer in some of the constructs: it is minimal in PCB-
ApcE(1–240/Δ87–130)::PVB-RpcA(35–162), but considerably larger
in the constructs where RpcA retained part of the N-terminal two he-
lices (Fig. S4B,D). These samples did require, however, 2 M urea to
keep the constructs in solution. Constructs like PCB-ApcE(1–240/
Δ87–130)::PVB-RpcA(35–162) are a compromise because they were
not so sensitive to 2 M urea (Fig. S6).
With regard to the double chromophorylation, it is noteworthy
that the autocatalytic chromophorylation of ApcE(1–240/Δ87–130)
is inhibited in the presence of the non-isomerizing lyase, CpcE/F,
while the isomerizing lyase, RpcG, allows an efﬁcient attachment of
both PCB and PEB to the ApcE site (Figs. 2 and S4; Table 1). A higher
yield of the isomerizing lyase, PecE/F, compared to the non-
isomerizing CpcE/F had also been reported for chromophorylation of
α-subunits in E. coli [50]. This could be due to steric effects that are
difﬁcult to access without detailed structural information. Yet another
possibility is that the E/F lyases have such a high afﬁnity for the chro-
mophore that they compete with chromophorylation at ApcE. The
preferential double-chromophorylation (in E. coli) under catalysis of
the non-isomerizing lyase, CpcE/F, might argue against such mecha-
nism. Unlike RpcG, it can attach, but also cleave the bound chromo-
phore [19,20], one may, therefore, expect higher concentrations of
free PCB. In the absence of thermodynamic data it is, however, not
clear if these concentrations are high enough to sufﬁce for autocata-
lytic chromophorylation of ApcE. Double chromophorylation was,
however, possible in all cases by a second incubation with PCB. And
in these bichromophoric constructs, energy transfer is efﬁcient, pro-
vided the band-gap is small enough for Förster transfer. Constructs
of this type are minimal model for the PBS. Besides their potentialfor labeling and bioimaging, they may also be helpful in evaluating
PBS assembly.
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